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AMORPHIZATION OF SUBSTRATE TO PREVENT SILICIDE ENCROACHMENT 
INTO CHANNEL REGION OF FIELD EFFECT TRANSISTOR 

Background of the Invention 

Field of the Invention 

The invention relates to the field of semiconductor integrated circuits, and more 
particularly relates to metal-oxide-semiconductor field effect transistors. 

Background 

For many years integrated circuits incorporating metal-oxide-semiconductor field 
effect transistors (MOSFETs) have been manufactured with materials such as doped 
polycrystalline silicon to form the gate electrode, and doped crystalline silicon to form the 
source/drain terminals. Significant effort has been devoted to scaling down the physical 
dimensions of MOSFETs in order to increase the functionality of integrated circuits by 
including more transistors on each integrated circuit. 

As devices were scaled down in size, there was a corresponding increase in the 
resistances associated with both the gate electrode and the source/drain terminals. Typically, 
as the linear dimensions of transistors were reduced, the thickness of the polycrystalline 
silicon that made up the gate electrode was also reduced. With both the width and thickness 
of the polycrystalline silicon reduced, the cross-sectional area of the gate electrode was 
reduced, which resulted in greater electrical resistance to signals propagating along the gate 
electrode. Similarly, the source/drain terminals became more resistive as their thickness, i.e., 
junction depths, were reduced, as required for maintaining appropriate electrical 
characteristics in the scaled down MOSFETs. 

What is needed are structures that provide low sheet resistivities for MOSFET 
source/drain terminals and gate electrodes, and methods for making the same. 

Summary of the Invention 

Briefly, a MOSFET includes silicided source/drain terminals and a substantially 
metal-free channel region, wherein the metal is characterized in that it diffuses more easily 
into the material of the substrate which contains the source/drain terminals than the material 
of the substrate diffuses into the metal. 
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In a further aspect of the present invention, a portion of the source/drain terminals of a 
MOSFET are converted to an amorphous material prior to being reacted with a metal. 

Brief Description of the Drawings 

Fig. 1 is a schematic cross-sectional view of a FET having sidewall spacers and a 
layer of metal overlying the source/drain terminals, sidewall spacers, and gate electrode. 

Fig. 2 is a schematic cross-sectional view of the FET of Fig. 1 , after the layer of metal 
has been reacted with the source/drain terminals and the gate electrode. 

Fig. 3 is a schematic cross-sectional view of the FET of Fig. 1 , wherein the metal is 
highly diffusive in the substrate and after the layer of metal has been reacted with the 
source/drain terminals and the gate electrode, resulting in metal in the transistor channel 
region. 

Fig. 4 is a schematic cross-sectional view of a FET showing a gate electrode overlying 
a gate dielectric layer formed on the surface of a substrate, sidewall spacers disposed adjacent 
the gate electrode, and source/drain terminals self-aligned to the gate electrode and sidewall 
spacers. 

Fig. 5 is a schematic cross-sectional view of the FET of Fig. 4, after a portion of the 
source/drain terminals has been converted from a crystalline form to an amorphous form. 

Fig. 6 is a schematic cross-sectional view of the structure of Fig. 5, after a layer of 
metal, which is highly diffusive in the substrate, has been formed over the source/drain 
terminals, sidewall spacers, and gate electrode. 

Fig. 7 is a schematic cross-sectional view of the structure of Fig. 6, after the metal has 
been reacted with the amorphous portion of the source/drain terminals and the gate electrode. 

Fig. 8 is a flow diagram illustrating process operations in accordance with the present 
invention. 

Detailed Description 

The terms, chip, integrated circuit, monolithic device, semiconductor device, and 
microelectronic device, are often used interchangeably in this field. The present invention is 
applicable to all the above as they are generally understood in the field. 
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The term "gate" is context sensitive and can be used in two ways when describing 
integrated circuits. Gate refers to a circuit for realizing an arbitrary logical function when 
used in the context of a logic gate. However, as used herein, gate refers to the insulated gate 
terminal of a three terminal FET when used in the context of transistor circuit configurations 
or formation of transistor structures. The expression "gate terminal" is generally 
interchangeable with the expression "gate electrode". A FET can be viewed as a four 
terminal device when the semiconductor body is considered. However, for the purpose of 
describing illustrative embodiments of the present invention, the FET will be described using 
the traditional gate-drain-source, three terminal model. 

Channel, as used herein, refers to that portion of the semiconductor body that 
underlies the gate dielectric, is bounded by the source/drain terminals, and is the region of the 
FET where current flows between the source and drain terminals. 

Polycrystalline silicon is a nonporous form of silicon made up of randomly oriented 
crystallites or domains. Polycrystalline silicon is often formed by chemical vapor deposition 
from a silicon source gas or other methods and has a structure that contains large-angle grain 
boundaries, twin boundaries, or both. Polycrystalline silicon is often referred to in this field 
as polysilicon, or sometimes more simply as poly. 

Silicide refers generally to Si-metal compounds. 

Salicide refers generally to silicide that is self-aligned to some structure, for example, 
a silicide self-aligned to a FET gate structure. 

Source/drain terminals refer to the terminals of a FET, between which conduction 
occurs under the influence of an electric field, subsequent to the inversion of the 
semiconductor surface under the influence of another electric field resulting from a voltage 
applied to the gate terminal. Generally, the source and drain terminals are fabricated such 
that they are geometrically symmetrical. With geometrically symmetrical source and drain 
terminals it is common to simply refer to these terminals as source/drain terminals, and this 
nomenclature is used herein. Designers often designate a particular source/drain terminal to 
be a "source" or a "drain" on the basis of the voltage to be applied to that terminal when the 
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FET is operated in a circuit. Typically, source/drain terminals are doped with either donor (n- 
type) or acceptor (p-type) atoms to create the desired electrical characteristics. 

As FETs have been scaled down in dimension, a common approach to decreasing the 
resistivities associated with the scaled down source/drain terminals and gate electrodes, has 
been to form a layer having a relatively low sheet resistivity, in parallel with the source/drain 
terminals, and also to form such a layer in parallel with the gate electrodes. For example, 
various refractory metal silicides (e.g., titanium silicide) were formed over the surfaces of the 
source/drain terminals and gate electrodes, respectively. In this way, the effective sheet 
resistivity of both the source/drain terminals and gate electrodes was reduced. 

An advantage of such a process, in addition to lowering the sheet resistivities 
mentioned above, is that the source/drain terminals and gate electrodes can be salicided in the 
same (i.e., a concurrent) process operation. This is true because the metals typically chosen 
to form the salicided regions react with both the doped crystalline silicon of the source/drain 
terminals and the polycrystalline silicon of the gate electrodes. 

Referring to Figs. 1 and 2, a prior art process and structure, which includes silicided 
source/drain terminals and gate electrode, are described. More particularly, Fig. 1 is a 
schematic cross-sectional view showing a prior art FET 100 having sidewall spacers 102 and 
a layer of metal 104 overlying a pair of source/drain terminals 106, sidewall spacers 102, and 
a gate electrode 108. Gate electrode 108 overlies a gate dielectric layer 110. Also, as can be 
seen in Fig. 1, a channel region 112 exists between source/drain terminals 106 and below gate 
dielectric 110. In typical prior art implementation examples, such as the one shown here, 
metal layer 104 is titanium. 

Fig. 2 shows a schematic cross-sectional view of FET 100 of Fig. 1, after metal layer 
104 has been reacted with source/drain terminals 106 and gate electrode 108. In such an 
implementation, the titanium of metal layer 104 reacts with the crystalline silicon of 
source/drain terminals 106 and the polysilicon of gate electrode 108 to form titanium silicide 
layers as indicated in Fig. 2. 
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Unfortunately, as described above, continued aggressive scaling of FET dimension 
into the deep submicron region has created a need to reduce sheet resistivities to a greater 
extent than appears to be possible using conventional titanium silicide processing. Fig. 3 
shows a schematic cross-sectional view of FET 100 of Fig. 1 , wherein an alternative metal 
layer 104 comprises a metal that is highly diffusive in the substrate and after metal layer 104 
has been reacted with source/drain terminals 106 and gate electrode 108. In this case, the 
metal reacts with gate electrode 108 to form low resistance layer 120, and reacts with 
source/drain terminals 106 to form low resistance layers 118. As shown in Fig. 3, low 
resistance layer 118 extends laterally through source/drain terminal 106 resulting in metal 
atoms physically occupying locations in transistor channel region 112. This phenomenon 
may also be referred to as silicide encroachment into the transistor channel. In this case, a 
metal such as nickel has been used, rather than titanium as shown in the example of Fig. 2. 
Although lower sheet resistivities can be obtained through the use of nickel rather than 
titanium, such implementations have been observed to suffer from yield limiting transistor 
malfunctions. These malfunctions result from the movement of metal atoms, nickel in this 
case, into the substrate material, silicon in this case. Those skilled in the art and having the 
benefit of this disclosure will recognize that silicide encroachment may occur not just into the 
channel region but also into the semiconductor body terminal of the FET. 

Embodiments of the present invention include salicided source/drain terminals 
wherein the metal salicide is formed from a metal that is highly diffusive in a substrate 
material such as, but not limited to, silicon. An illustrative embodiment of the present 
invention is described in conjunction with Figs. 4-7. 

Fig. 4 shows a schematic cross-sectional view of a FET having gate electrode 108 
overlying gate dielectric layer 110 formed on the surface of a substrate. Sidewall spacers 102 
are disposed adjacent gate electrode 108, and source/drain terminals 106 are self-aligned to 
gate electrode 108 and sidewall spacers 102. That is, source/drain terminals 106 are 
substantially adjacent to sidewall spacers 102 and gate electrode 108. Additionally, although 
source/drain terminals 106 are shown completely disposed in the substrate in Fig. 4, it will be 
recognized that source/drain terminals may be partially in the substrate and partially raised 
above the substrate. No limitation on the exact geometries of the various constituent parts of 
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the FET are intended herein. The transistor structure shown in Fig. 4 is known in the art and 
is formed by well known and commonly understood microelectronic process operations such 
as photolithography, etching, oxidation, thin film deposition, and so on. A transistor such as 
that shown in Fig. 4 may then be further processed, in accordance with the present invention, 
in order that salicided source/drain terminals may be formed with metals that are highly 
diffusive in silicon. 

Fig. 5 shows a schematic cross-sectional view of the FET of Fig. 4, after a portion of 
source/drain terminals 106 has been converted from a crystalline form to an amorphous form. 
That is an amorphous silicon (a-Si) layer 122 is created in an upper region of source/drain 
terminals 106. In this case, upper region refers to those portions of source/drain terminals 
106 that are relatively closer to the surface of the substrate than other portions of source/drain 
terminals 106. In the illustrative embodiments of the present invention, a-Si layers 122 are 
formed by the ion implantation of silicon into the surface of source/drain terminals 106. 

Implant species, dose, and energy are selected to achieve a specific amorphous depth. 
The targeted depth of a-Si 122 is determined, at least in part, by the thickness of a metal layer 
with which a-Si 122 is to be reacted. By way of illustration and not limitation, if 20 nm of Ni 
are used, then an a-Si 122 depth of approximately 40 nm is selected. This can be 
accomplished by performing an ion implant operation of Si at an energy of approximately 20 
keV and a dose of approximately 5xl0'.7cm 2 . Alternatively, Ge ions may be implanted at, 
for example, an energy of 40kev and a dose of 2xl0 l 7cm\ Those skilled in the art and having 
the benefit of this disclosure will recognize that any suitable set of ion implantation 
specifications that produces an amorphous portion in the source/drain terminals may be used. 
The depth of the amorphous portion of the source/drain terminals is chosen such that the 
reaction between the metal and the amorphous silicon effectively results in the silicide 
remaining in the region of the source/drain terminals that was converted to amorphous form. 

Fig. 5 also shows an amorphous region 123 that is formed in the upper portion of gate 
electrode 108. Amorphous region 123 is created by the ion implantation that creates a-Si 
layers 122. 
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Fig. 6 shows a schematic cross-sectional view of the structure of Fig. 5, after a layer 
of metal 124, which is highly diffusive in the substrate, has been formed over a-Si 122 of 
source/drain terminals 106, sidewall spacers 102, and gate electrode 108. In the illustrative 
embodiment, metal 124 is nickel. Metal 124 may be deposited by any suitable, well-known 
process such as, but not limited to, sputtering. Alternatively, metal 124 may be deposited by 
a physical vapor deposition (PVD) operation. 

Fig. 7 shows a schematic cross-sectional view of the structure of Fig. 6, after metal 
124 has been reacted with amorphous portion 122 of source/drain terminals 106 to form 
salicided regions 126; and with gate electrode 108 to form salicided region 120. In one 
embodiment of the present invention, the reaction conditions include placing the wafer into 
an N 2 ambient at approximately 500°C for approximately 10 seconds. Those skilled in the art 
will recognize that various ranges of times and temperatures may be used to achieve the 

desired reaction. 

* 

Referring to Fig. 8, a process 200 embodying the present invention is described. 
More particularly, an insulated gate FET structure, including gate electrode, gate insulator, 
and source/drain terminals, is formed 202 on a substrate in accordance with well-known 
microelectronic manufacturing operations. Subsequently, a portion of the source/drain 
terminals are converted 204 to amorphous form. When the substrate is a silicon wafer, the 
conversion operation is typically achieved by ion implantation of silicon. The implantation 
of silicon into the doped crystalline silicon regions that make up the source/drain terminals 
results in a layer of a-Si. A metal is deposited 206, typically over the entire surface of the 
substrate. Those skilled in the art and having the benefit of this disclosure will recognize that 
a blanket deposition of metal, although typical, is not required by the present invention. The 
metal that is over the a-Si is reacted 208 with the a-Si, such that the a-Si is substantially 
consumed and a low resistance layer is formed. Typical reaction conditions include placing 
the wafer in an N 2 ambient at approximately 500°C, for approximately 10 seconds. 

Conclusion 

Embodiments of the present invention provide an a-Si/c-Si boundary to block silicide 
encroachment into the transistor channel. An a-Si region is typically produced in the 
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source/drain terminals by ion implantation prior to metal deposition. The a-Si depth is 
chosen such that it will just be consumed by the metal to form silicide, and such that 
substantially none of the a-Si remains after the silicidation process. The metal is believed to 
react preferentially with the a-Si to form the silicide because the a-Si has a higher energy than 
c-Si and is therefore more reactive. As a result, the boundary between the a-Si and c-Si 
essentially serves as a barrier against further reaction or metal diffusion into the c-Si 
substrate. 

An advantage of embodiments of the present invention is lower sheet resistivities for 
polysilicon and source/drain terminals than is achievable with other metal silicides such as 
titanium silicide. 

A further advantage of the present invention is that encroachment of metal into the 
channel region of field effect transistors is avoided. 

It will be understood by those skilled in the art that many design choices are possible 
within the scope of the present invention. For example, metals such as, but not limited to 
cobalt (Co) may be used rather than nickel. Additionally, the present invention is not limited 
to silicon substrates. 

It will be understood that various other changes in the details, materials, and 
arrangements of the parts and steps which have been described and illustrated may be made 
by those skilled in the art without departing from the principles and scope of the invention as 
expressed in the subjoined Claims. 
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What is claimed is: 

1 . A method of forming a transistor, comprising: 
forming a gate electrode superjacent a substrate; 
forming sidewall spacers adjacent to the gate electrode; 

forming source/drain terminals substantially adjacent to the sidewall spacers; 
converting a portion of the source/drain terminals to an amorphous form; 
depositing a metal over the gate electrode, and source/drain terminals; and 
reacting the metal with the amorphous portion of the source/drain terminals. 

2. The method of Claim 1 , further comprising forming a gate dielectric layer disposed 
between the substrate and the gate electrode. 

3. The method of Claim 1 , wherein converting a portion of the source/drain terminals to 
an amorphous form comprises bombarding the source/drain terminals with particles. 

4. The method of Claim 3, wherein the particles comprise ions. 

5. The method of Claim 1, wherein converting a portion of the source/drain terminals to 
an amorphous form comprises implanting Si at an energy of approximately 20keV and a dose 
of approximately 5xl0 ,4 /cm 2 . 

6. The method of Claim 1, wherein the substrate comprises crystalline silicon; and 
converting a portion of the source/drain terminals to an amorphous form comprises ion 
implanting portions of the substrate. 

7. The method of Claim 6, wherein ion implanting comprises implanting Ge at an energy 
of approximately 40 keV and a dose of approximately 2xl0 ,4 ions/cm 2 . 

8. The method of Claim 1 , wherein the metal is selected from the group consisting of 
nickel and cobalt. 
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9. The method of Claim 1, wherein reacting comprises placing the substrate in an N 2 
ambient at approximately 500°C, for approximately 10 seconds. 

10. A method of forming a field effect transistor comprising: 

forming a gate insulator layer over a substantially crystalline silicon substrate; 
forming a polysilicon layer over the gate insulator layer; 

patterning the polysilicon and gate insulator layers to form at least one gate electrode; 
forming sidewall spacers adjacent to the at least one gate electrode; 
forming source/drain terminals in the substrate substantially adjacent to the sidewall 
spacers; 

forming an amorphous portion in the source/drain terminals; 

depositing a metal over the at least one gate electrode, and source/drain terminals; and 
reacting the metal with the amorphous portion of the source/drain terminals. 

11. The method of Claim 10, wherein forming an amorphous portion in the source/drain 
terminals comprises ion implanting the source/drain terminals. 

12. The method of Claim 10 wherein the metal is nickel. 

1 3. The method of Claim 1 0 wherein the metal is cobalt. 

14. The method of Claim 10 wherein the metal diffuses more easily into a material of the 
substrate than the material of the substrate diffuses into the metal. 

15. A method of forming a silicided region in a substrate, comprising: 
forming an amorphous region in the substrate; 

depositing a metal layer over the amorphous region; and 
reacting the metal with the amorphous region. 
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16. The method of Claim 1 5, wherein the substrate comprises crystalline silicon; and 
forming an amorphous region in the substrate comprises implanting ions into at least 
a portion of the substrate. 

17. The method of Claim 16, wherein implanting comprises implanting silicon. 

18. The method of Claim 16, wherein implanting comprises implanting germanium. 

19. A field effect transistor; comprising: 

a gate insulator disposed on a substrate, the substrate comprising a first material; 
a gate electrode disposed over the gate insulator; 

at least one source/drain terminal substantially disposed in the substrate, substantially 
adjacent the gate electrode; and 

a silicide disposed in the source/drain terminal; 

wherein the silicide comprises a metal that diffuses more easily into the first material 
than the first material diffuses into the metal. 

20. The field effect transistor of Claim 20, wherein the first material comprises silicon; 
and the metal is selected from the group consisting of nickel and cobalt. 
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